ϩ -K ϩ pump subunit, inhibiting activity of the catalytic ␣-subunit. To examine if signaling of nitric oxide-induced soluble guanylyl cyclase (sGC)/cGMP/protein kinase G can cause Na ϩ -K ϩ pump stimulation by counteracting PKC/NADPH oxidase-dependent inhibition, cardiac myocytes were exposed to ANG II to activate NADPH oxidase and inhibit Na ϩ -K ϩ pump current (Ip). Coexposure to 3-(5=-hydroxymethyl-2=-furyl)-1-benzylindazole (YC-1) to stimulate sGC prevented the decrease of Ip. Prevention of the decrease was abolished by inhibition of protein phosphatases (PP) 2A but not by inhibition of PP1, and it was reproduced by an activator of PP2A. Consistent with a reciprocal relationship between ␤1-Na ϩ -K ϩ pump subunit glutathionylation and pump activity, YC-1 decreased ANG II-induced ␤ 1-subunit glutathionylation. The decrease induced by YC-1 was abolished by a PP2A inhibitor. YC-1 decreased phosphorylation of the cytosolic p47 phox NADPH oxidase subunit and its coimmunoprecipitation with the membranous p22 phox subunit, and it decreased O2 ·Ϫ -sensitive dihydroethidium fluorescence of myocytes. Addition of recombinant PP2A to myocyte lysate decreased phosphorylation of p47 phox indicating the subunit could be a substrate for PP2A. The effects of YC-1 to decrease coimmunoprecipitation of p22 phox and p47 phox NADPH oxidase subunits and decrease ␤1-Na ϩ -K ϩ pump subunit glutathionylation were reproduced by activation of nitric oxide-dependent receptor signaling. We conclude that sGC activation in cardiac myocytes causes a PP2A-dependent decrease in NADPH oxidase activity and a decrease in ␤ 1 pump subunit glutathionylation. This could account for pump stimulation with neurohormonal oxidative stress expected in vivo. nitric oxide; oxidative stress; sodium-potassium (Na ϩ -K ϩ )-ATPase; glutathionylation; soluble guanylyl cyclase GLUTATHIONYLATION IS A REVERSIBLE oxidative modification in which the cytosolic tripeptide glutathione (GSH) binds to a protein. It regulates function of many proteins including the membrane Na ϩ -K ϩ pump. There is a causal relationship between glutathionylation of cysteine 46 of the pump's ␤ 1 -subunit and inhibition of pump activity (11). Glutathionylation of cysteine 46 in the ␤ 1 -subunit and a decrease in pump activity in cardiac myocytes can be induced by ANG II (11). These effects are protein kinase C (PKC) and NADPH oxidase dependent (41) consistent with coupling of ANG II receptors to PKC-mediated NADPH oxidase activation (20). PKA activation also increases glutathionylation of the ␤ 1 -subunit and decreases pump activity, effects that are dependent on downstream activation of PKC and NADPH oxidase (17, 42) .
nitric oxide; oxidative stress; sodium-potassium (Na ϩ -K ϩ )-ATPase; glutathionylation; soluble guanylyl cyclase GLUTATHIONYLATION IS A REVERSIBLE oxidative modification in which the cytosolic tripeptide glutathione (GSH) binds to a protein. It regulates function of many proteins including the membrane Na ϩ -K ϩ pump. There is a causal relationship between glutathionylation of cysteine 46 of the pump's ␤ 1 -subunit and inhibition of pump activity (11) . Glutathionylation of cysteine 46 in the ␤ 1 -subunit and a decrease in pump activity in cardiac myocytes can be induced by ANG II (11) . These effects are protein kinase C (PKC) and NADPH oxidase dependent (41) consistent with coupling of ANG II receptors to PKC-mediated NADPH oxidase activation (20) . PKA activation also increases glutathionylation of the ␤ 1 -subunit and decreases pump activity, effects that are dependent on downstream activation of PKC and NADPH oxidase (17, 42) .
Glutathionylation of the ␤ 1 -Na ϩ -K ϩ pump subunit and pump inhibition caused by constitutive receptor-dependent oxidative stress in vivo can be counterbalanced by in vivo pharmacological inhibition of the receptors (17) . We have examined if cell signaling can directly reverse the glutathionylation-dependent Na ϩ -K ϩ pump inhibition to effectively stimulate the pump. The oxidative stress induced by neurohormones in vivo inhibits the Na ϩ -K ϩ pump as indicated by an increase in electrogenic pump current (I p ) and a decrease in glutathionylation of the ␤ 1 -pump subunit in myocytes isolated from rabbits treated with an angiotensin-converting enzyme inhibitor or a ␤ 1 -adrenergic antagonist (17) . Experiments in this study were designed to mimic the oxidative stress neurohormonal activation causes in vivo.
Since no cell signaling pathways are known to decrease protein-S glutathionylation, lower levels could also be due to a decrease in oxidative stress that promotes the forward reaction of glutathionylation. NADPH oxidase is of particular interest as a source of oxidative stress because it is a key component of the scheme for receptor-coupled, protein kinase-dependent Na ϩ -K ϩ pump inhibition (41) , it is a major source of reactive oxygen species (ROS) in cardiac myocytes (40) and NADPH oxidases are initiators and integrators of redox signaling via cross talk with other ROS-producing sources (29) . A decrease in NADPH oxidase activity might therefore effectively cause Na ϩ -K ϩ pump stimulation. Nitric oxide (NO)-dependent signaling pathways are potential candidates for cross talk with NADPH oxidase-dependent Na ϩ -K ϩ pump regulation: activation of the NO synthasecoupled ␤ 3 -adrenergic receptor (␤ 3 -AR) stimulates I p in cardiac myocytes and causes a corresponding decrease in ␤ 1 -subunit glutathionylation (2, 5) . The NO synthase-coupled natriuretic peptide type C receptors also stimulates I p (43) . Furthermore, a NO donor can cause an increase in I p that is blocked by inhibition of NO-activated guanylyl cyclase [also known as soluble guanylyl cyclase (sGC)] (44) . Stimulation of I p by a NO donor is blocked by inhibition of protein kinase G and replicated by inclusion of a cGMP analog or recombinant protein kinase G in patch pipette filling solutions that perfuse the intracellular compartment of voltage-clamped myocytes. These results implicate classical NO/sGC/PKG-dependent signaling (34) in pump stimulation. We have examined if the pathway may counterbalance Na ϩ -K ϩ pump inhibition in-duced by oxidative stress and effectively mediate pump stimulation. The synthetic sGC stimulator YC-1 was used to selectively activate classical NO-dependent signaling (34) and the ␤ 3 -AR agonist CL 316,342 (CL) to independently support selected key findings with physiological activation of NOdependent signaling (2, 5) .
MATERIALS AND METHODS
This project was approved by the Royal North Shore Hospital Animal Care and Ethics Committee. The Committee operates in accordance with the New South Wales Animal Research Act (1985), Animal Research Regulation (2010) and the Australian code for the care and use of animals for scientific purposes (8th ed. 2013). All studies were performed on isolated cells with no experimental procedures performed on living animals. Cardiac myocytes were isolated from New Zealand White rabbits weighing 2.8 -3.5 kg. The rabbits were anesthetized with 50 mg/kg ketamine and 20 mg/kg xylazine hydrochloride given intramuscularly. The heart was excised when deep anesthesia was assured as indicated by the absence of a corneal reflex and response to deep pressure between the metatarsal bones. Isolation of myocytes from excised hearts has been described (22) . Myocytes were stored at room temperature until used for experimentation on the day of isolation only.
Measurement of electrogenic Na (17) . Na ϩ -free superfusates were used to eliminate any possible inward flux of Na ϩ not compensated for by Na ϩ efflux into patch pipettes. Myocytes were voltage clamped at Ϫ40 mV to inactivate voltagesensitive Na ϩ channels (12) and L-type Ca 2ϩ channels (1, 28) in most experiments. When the adenylyl cyclase activator Fsk was used the holding potential was Ϫ14 mV, the equilibrium potential for Cl Ϫ with the experimental solutions used. This eliminated any possible large Fsk-activated Cl Ϫ current (42) . Ip was identified as the shift in holding current induced by 100 M ouabain. Ouabain has no effect on holding current when extracellular solutions are K ϩ -free, and the voltage dependence of I p defined as the ouabain-sensitive current in Na ϩ -free extracellular solutions is independent of membrane voltage (4, 18) indicating that there is no detectable ouabain-and voltage-sensitive nonpump membrane current and I ps identified as a shift in holding current induced by exposure to ouabain or to K ϩ -free extracellular solutions are essentially identical (18) . Residual currents after exposure to ouabain are barely detectable and identical with and without activation of NO-and sGC-dependent signaling when patch pipette solutions are Na ϩ -free (43, 44) . Immunodetection of oxidative protein modifications and proteinprotein interaction. Oxidative protein modifications and protein-protein interaction were studied in freshly isolated cardiac myocytes to allow comparison with the functional studies of the Na ϩ -K ϩ pump in voltage-clamped myocytes. To detect glutathionylation of the pump's ␤ 1-subunit, myocytes were loaded with biotinylated GSH ester (500 M) for 1 h at room temperature. They were then washed and lysed in buffer (50 mM Tris·HCl, pH 7.4, 1% Nonidet P-40, 150 mM NaCl, 50 M diethylenetriaminepentaacetic acid, 2 mM phenylmethylsulfonyl fluoride) containing 10 mM N-ethylmaleimide to block further thiol reactions. The biotin-tag was used to precipitate glutathionylated proteins as previously described (11) . Approximately 0.5 mg of protein were mixed with streptavidin-sepharose beads for 1 h. The beads were washed five times with lysis buffer with 0.1% SDS, and Ip is identified as the shift in membrane current induced by 100 M ouabain after nonpump membrane currents are inhibited. The timing of changes in the composition of the extracellular solutions is shown. The timing of the response of the membrane current to superfusion of solutions that are Ca 2ϩ -free, Cd 2ϩ /Ba 2 -containing or include ouabain depends on location of the myocyte relative to the flow pattern of solutions in the tissue bath. YC-1 was included in patch pipette solutions and myocytes were therefore exposed to the compound as soon as the whole cell configuration was established. The traces shown have been filtered for illustrative purposes. Ip is identified with an electronic cursor applied to raw data and is reported normalized for membrane capacitance (Cm). When ANG II, forskolin (Fsk), C6 ceramide, okadaic acid (OA), or tautomycin were used in experiments, the compounds were included in the superfusate at the time of switching to the Ca 2ϩ -free solutions.
the final precipitate was incubated for 15 min with elution buffer (lysis buffer ϩ 20 mM DTT) to release glutathionylated proteins. After Laemmli buffer was added, GSS-protein pulled down by this technique was separated by gel electrophoresis, transferred to a membrane, and probed with antibodies to the ␤ 1-subunit of the Na ϩ -K ϩ pump. The gel density, a determinant of the ␤1-Na ϩ -K ϩ subunit molecular weight estimated by electrophoresis (38) , was 10%.
In separate coimmunoprecipitation experiments, an anti-GSH antibody against glutathionylated proteins was used to detect glutathionylation. Isolated cardiac myocytes and heart tissue were homogenized in ice-cold lysis buffer (RIPA) containing 150 mM NaCl, 50 mM Tris·HCl (pH 8.0), 1% Triton X-100, 2 mM EDTA, and protease inhibitor (Complete EGTA-free). The supernatant (0.5-1 mg protein) was incubated with the appropriate antibody at a ratio of 1 g antibody:1 mg protein at 4°C for 1 h and then with protein A/G-Plus agarose beads. The proteins bound to the collected beads were eluted in Laemmli buffer and subjected to SDS-PAGE on a 4 -15% gradient gel and probed with antibodies. This protocol was also used to detect coimmunoprecipitation of ␣ 1/␤1-pump subunits, ␤ 1-subunit/glutaredoxin 1 (Grx1), p47
phox /␣1-pump subunit, and PP2A/␣ 1-subunit. Western blot chemiluminescence was read by a LAS-4000 image reader and semiquantified by densitometry using Multi Gauge 3.1 software (Fujifilm Life Science, Tokyo, Japan). Exposure times were adjusted to ensure that the variation in signal intensity was in the linear dynamic range.
Effect of PP2A on p47 phox NADPH oxidase subunit phosphorylation. Isolated cardiac myocytes were treated with 100 nM ANG II or Fsk for 15 min at 37°C. Myocytes were lysed in ice-cold RIPA lysis buffer and 500 g of protein lysates were incubated with 1 unit PP2A for 120 min at 37°C. Phosphorylation of p47 phox was examined by immunoprecipitation with affinity-purified goat polyclonal antibody against p47 phox coupled to protein A/G agarose beads. The immunoprecipitate was then immunoblotted with anti-mouse monoclonal antibody against p47 phox or an anti-phosphoserine-specific monoclonal antibody (30) .
Fluorescent confocal microscopy. Changes in the fluorescence of myocytes that had been loaded with O2 ·Ϫ -sensitive fluorescent dye dihydroethidium (DHE) were measured as described previously (26) . Myocytes were pretreated with YC-1 (10 M for 15 min) and/or OA (10 nM) with DHE (2 mol/l) in Krebs solution for 15 min at 37°C in the dark. Cells were then exposed to ANG II (100 nM) or Fsk (100 nM) for 10 min before fixation in 2% paraformaldehyde on ice for 4 min. They were washed and mounted on poly-L-lysine-coated glass slides in Vectashield and examined under a laser scanning confocal microscope (Nikon C1) equipped with an argon-krypton laser. The excitation wavelength was 488 nm, and the emission wavelength was 585 nm. The fluorescence images were obtained using constant settings of scanning speed, pinhole diameter, and voltage gain. Myocytes (minimum of 6) representative of each experiment were selected randomly by a "blinded" reader for quantification of fluorescence intensity (Photoshop, Adobe). Only myocytes with clear striations and a rod-like shape were included in the analysis. The average intensity for cells from each experiment was normalized against its control (100%). We have previously shown that ANG II-induced increase in DHE fluorescence in isolated cardiac myocytes is sensitive to PEG-SOD (42) and that the effect of ANG II on cellular DHE-fluorescence detected by confocal microscopy closely mirrors that of gold standard high performance liquid chromatography analysis, which detects the O2 ·Ϫ -specific DHE product 2-OH-E ϩ (25). Materials. YC-1, CL 316243, ANG II, Fsk, ouabain, GSH ethyl ester, OA, C6 ceramide, and tautomycin were purchased from Sigma. Sulfo-NHS biotin was obtained from Merck, DTT from Promega, streptavidin-sepharose from GE Healthcare Bio-Sciences, Protein A/G-Plus agarose from Santa Cruz Biotechnology, and protease inhibitor (Complete EGTA-free) from Roche Diagnostics. DHE and N-ethylmaleimide were obtained from Invitrogen, and Vectashield was from Vector Laboratories. Monoclonal antibodies to ␣1-and ␤1-subunits of Na ϩ -K ϩ ATPase were from Upstate Biotechnology;
anti-GSH from Virogen; p47 phox , p22 phox , and Grx1 from Santa Cruz Biotechnology; PP2A Catalytic ␣-subunit from BD Transduction Laboratories, and anti-phosphoserine from Sigma-Aldrich. The goat anti-mouse IgG-HRP secondary antibody and chemiluminescence ECL kit were from Pierce. TMA-Cl was purum grade and obtained from Fluke Chemicals. All other chemicals used in Tyrode's solutions were analytical grade and were obtained from BDH Chemicals.
Statistical analysis. Results are presented as means Ϯ SE. Student's t-test was used for comparisons between two groups. Multiple comparisons were made using the Kruskal-Wallis (nonparametric) one-way ANOVA with Dunn's multiple comparisons test. P Ͻ 0.05 was considered statistically significant. sGC (13, 34) and inclusion of it in patch pipette solutions used to voltage clamp cardiac myocytes increases I p under conditions not designed to increase oxidative stress (44) . Oxidative stress induced by exposure of myocytes to ANG II decreases I p (41), and Fig. 1 illustrates experimental protocols that were used for measurement of I p with exposure to ANG II, with or without coexposure to YC-1. Corresponding traces of membrane currents are also shown. I p was identified as the difference between the mean holding currents sampled with an electronic cursor before and after exposure to ouabain. Criteria for control of [Na ϩ ] i and criteria for stability of currents and sampling of them before and after exposure to ouabain have been described previously (44) .
RESULTS

Reversal of ANG II-induced Na
ANG II previously induced a significant decrease in I p measured in both Na ϩ -containing and Na ϩ -free superfusates (41) . In this study, YC-1 prevented a decrease of ANG IIinduced inhibition of I p ANG II ( Fig. 2A) . NO-and sGCmediated Na ϩ -K ϩ pump stimulation is abolished by inhibition of protein phosphatases (44) and inclusion of 10 nM OA in the superfusate, expected to inhibit PP2A but have little effect on PP1 (10), had no significant effect on I p of myocytes exposed to ANG II. However, it abolished the increase in I p that was induced by YC-1 in the absence of OA ( Fig. 2A) . Inclusion in the superfusate of 10 M C 6 ceramide, a membrane-permeable sphingolipid that activates PP2A (36) , increased I p of myocytes exposed to ANG II. The increase was abolished by OA (Fig.  2B ). Neither YC-1 nor C 6 ceramide had detectable effects on I p in the presence of the PP2A inhibitor. PP1 has been implicated in Na ϩ -K ϩ pump stimulation (39), but 10 nM tautomycin had no effect on the increase in I p induced by YC-1 (Fig. 2B) . Tautomycin has ϳ10-fold higher selectivity for PP1 than PP2A (6) and in a concentration of 10 nM is expected to inhibit PP1 nearly completely.
Stimulation of sGC reduces ␤ 1 -Na ϩ -K ϩ pump subunit glutathionylation. YC-1 increases I p under conditions that do not induce receptor-coupled oxidative stress (44) . To ascertain if YC-1 under such conditions decreases glutathionylation of the ␤ 1 -pump subunit, myocytes were loaded with biotin-GSH and then exposed to solutions that included 10 M YC-1 or solutions that were free of YC-1 for 15 min. The solutions also included OA or they were OA-free. The biotin-tagged protein subfraction of cell lysate was precipitated with streptavidin Fig. 3 . Effect of YC-1 on ␤1-Na ϩ -K ϩ pump subunit glutathionylation and coimmunoprecipitation of ␣1-with ␤1-subunits and ␤1-subunits with Grx1. A: glutathionylation of the ␤1-Na ϩ -K ϩ pump subunit without exposure to ANG II. B: effect of ANG II on glutathionylation of the ␤1-Na ϩ -K ϩ pump subunit (shown in hatched bars to indicate it has been published previously). The data when shown previously were normalized to the signal for glutathionylation with exposure to ANG II-free solutions. It is normalized here to the signal with exposure to ANG II to reflect the baseline for effects of YC-1 shown in C. C: effects of preexposure to YC-1 and OA on signal for ␤1-Na ϩ -K ϩ pump subunit glutathionylation with exposure to 100 nM ANG II. The ␤1-Na ϩ -K ϩ pump subunit immunoblot prior the streptavidin-sepharose precipitation were used as loading controls. D: glutathionylation and coimmunoprecipitation of the ␤1-subunit with the ␣1-subunit and Grx1. Coimmunoprecipitation of the ␤1-subunit with the ␤1-subunit was used as the loading control to show the amount of ␤1-subunit in each group was similar. Glutathionylation of the ␤1-Na ϩ -K ϩ pump subunit is shown in at left, its coimmunoprecipitation with the ␣1-subunit at middle, and its coimmunoprecipitation with Grx1 at right. TL indicates total lysate before coimmunoprecipitation used as loading controls to ascertain that protein expression levels were independent of experimental conditions; n ϭ 5 for all experiments. *Statistical significance.
beads and immunoblotted with ␤ 1 -subunit antibody. YC-1 caused a decrease in glutathionylation of the ␤ 1 -subunit that was abolished by OA (Fig. 3A) .
Exposure of myocytes to 100 nM ANG II increases the signal for ␤ 1 -subunit glutathionylation (11) as indicated by previously published data shown in Fig. 3B . In the present study myocytes loaded with biotin-GSH were preincubated with YC-1 before 100 nM ANG II was added for an additional 15 min. As for myocytes that were not exposed to ANG II (Fig.  3A) , YC-1 caused a decrease in the level of glutathionylation that was abolished by coexposure to OA (Fig. 3C) . Taken together, the results in Fig. 3 , A-C, indicate that the reciprocal relationship between Na ϩ -K ϩ pump activity and glutathionylation of the ␤ 1 -pump subunit with receptor-coupled NO- Fig. 4 . Effects of YC-1 on NADPH oxidase. Immunoblots (IB) of a p47 phox immunoprecipitate (IP) of myocyte lysate and summary data for coimmunoprecipitations of the immunoprecipitate. Myocytes were preexposed to YC-1 with or without exposure to ANG II. Immunoprecipitates of p47 phox from myocyte lysates were immunoblotted with antibodies against phosphoserine (left), the p22 phox NADPH oxidase subunit (middle), and the ␣1 Na ϩ -K ϩ pump subunit (right). Twenty micrograms of total lysate were loaded for each coimmunoprecipitate; n ϭ 5 for all experiments. *Statistical significance. Fig. 2A) and without coexposure to ANG II (44) , and it abolished the decrease in glutathionylation of the ␤ 1 -pump subunit induced by YC-1 under both sets of conditions (Fig. 3, A and C) . These results are consistent with the causal relationship between the glutathionylation and pump inhibition indicated by mutational studies (11) .
Interaction of ␣-and ␤-subunits is critical for Na ϩ -K ϩ pump function, and ANG II decreases ␣ 1 /␤ 1 -subunit coimmunoprecipitation as indicated by immunoblots of ␣ 1 -immunoprecipitates with ␤ 1 -subunit antibodies that closely mirror the reverse coimmunoprecipitation obtained by immunoblots of ␤ 1 -immunoprecipitates with an ␣ 1 -subunit antibody (11) . This is consistent with the decrease in stability of the ␣ 1 /␤ 1 -complex that is expected with the addition of the 305-Da GS adduct to the ␤ 1 -subunit as discussed previously (32) . Batches of myocytes were preincubated with YC-1 before ANG II was added for an additional 15 min. Expression of the ␤ 1 -subunit was not changed by exposure to YC-1 nor was expression of ␣ 1 (average data not shown). A decrease in ␤ 1 -pump subunit glutathionylation induced by YC-1 (Fig. 3D, left) was associated with an increase in the ␣ 1 /␤ 1 -subunit coimmunoprecipitation in myocytes exposed to ANG II (Fig. 3D, middle) , consistent with the effect the decrease in glutathionylation is expected to have on ␣ 1 /␤ 1 -interaction as well as with the functional reversal of ANG II-induced inhibition of I p by YC-1 (Fig. 2) . Reversal of glutathionylation is catalyzed with exclusive selectivity by Grx1 (16) . YC-1 increased coimmunoprecipitation of Grx1 with ␤ 1 Na ϩ -K ϩ pump subunits (Fig. 3D,  right) .
Effect of sGC stimulation on NADPH oxidase with coexposure to ANG II. Myocytes were preincubated in a solution with or without YC-1 for 15 min. They were then exposed to ANG II for another 15 min before they were lysed. The lysate was immunoprecipitated with p47 phox antibody and immunoblotted for phosphoserine. YC-1 decreased the signal for phosphorylation of p47 phox (Fig. 4, left) . Consistent with the role of such phosphorylation in translocation of p47 phox required for activity of the NADPH complex, YC-1 also decreased the coimmunoprecipitation of p47 phox with the membranous p22 phox subunit (Fig. 4, middle) previously shown to be increased by exposure to 100 nM ANG II (41) . A decrease in the coimmunoprecipitation of p47 phox with the catalytic ␣ 1 -subunit of the Na ϩ -K ϩ pump (Fig. 4B, right) indicates that YC-1 counteracts the reverse effect of ANG II to increase the ␣ 1 /p47 phox subunit coimmunoprecipitation reported previously (41) . These changes in coimmunoprecipitation of p47 phox with the ␣ 1 -subunit implicate a sarcolemmal membrane location of the changes in NADPH oxidase-dependent oxidative stress that is induced by exposure to ANG II and YC-1. The decrease in phosphorylation of p47 phox and in its coimmunoprecipitation with p22 phox is expected to reflect a decrease in NADPH oxidase activity and as shown previously exposure of myocytes to 100 nM ANG II increases O 2 ·Ϫ -sensitive DHE fluorescence (41) . Previously published data are summarized in Fig. 5A . In this study myocytes were preincubated in solutions that included YC-1 or were free of YC-1 for 15 min before they were coexposed to ANG II for an additional 10 min. Examples of DHE fluorescence of myocytes exposed to ANG II alone or to ANG II and YC-1 are shown in Fig. 5B . Fluorescence of myocytes exposed to YC-1 was decreased relative to fluorescence of myocytes not exposed to YC-1. Preincubation of myocytes with OA prevented the decrease (Fig. 5C ), implicating PP2A in the mechanism for it. Directly activating PP2A by preincubation of myocytes with C 6 ceramide for 15 min before exposure to ANG II also decreased DHE fluorescence. The decrease was abolished by OA (Fig.  5D) .
Stimulation of sGC decreases DHE fluorescence and increases Na
ϩ -K ϩ pump activity in myocytes exposed to Fsk. Exposure of myocytes to 100 nM Fsk to activate PKA increases the DHE fluorescence signal by ϳ60% (Fig. 6A) , an increase that is abolished by superoxide dismutase or by inhibition of NADPH oxidase or inhibition of the ε-isoform of PKC (42) . In this study myocytes were preincubated in solutions with or without YC-1 before they were exposed to 100 nM Fsk. Examples of DHE fluorescence of myocytes exposed to Fsk alone or to Fsk and YC-1 are shown in Fig. 6B . Fluorescence of myocytes preexposed to YC-1 was significantly decreased relative to that of myocytes not exposed to YC-1. Preincubation of myocytes with OA prevented the decrease (Fig. 6C) .
Functional studies examined if Fsk-induced Na ϩ -K ϩ pump inhibition (17, 42) is eliminated by YC-1 in a manner similar to the pump inhibition induced by ANG II. The protocol for measurement of I p was the same as that illustrated in Fig. 1A except that voltage-clamped myocytes were exposed to 100 nM Fsk rather than to ANG II and that the holding potential was Ϫ14 mV rather than Ϫ40 mV. Inclusion of YC-1 in patch pipette solutions increased I p . This was abolished by OA (Fig.  6C) . Data in hatched bars were published previously (42) .
PP2A dephosphorylates the p47 phox subunit of NADPH oxidase. Effects of pharmacological inhibitors of protein phosphatases implicate PP2A in the increase in I p , decrease in ␤ 1 -Na ϩ -K ϩ pump subunit glutathionylation, and decrease in DHE fluorescence induced by YC-1. Selectivity of protein Fig. 7 . Association of PP2A with the Na ϩ -K ϩ pump and PP2A-induced dephosphosphorylation of p47 phox . A: coimmunoprecipitation and reverse coimmunoprecipitation of the ␣-subunit of PP2A with the ␣1-subunit of the Na ϩ -K ϩ pump in 3 independent experiments. B: NADPH oxidase p47 phox subunit as substrate for PP2A. Myocytes were exposed to ANG II or Fsk to increase protein kinase-dependent phosphorylation of the p47 phox NADPH oxidase subunit and purified PP2A was added to myocyte lysate. Phosphorylation of p47 phox was estimated from immunoblotting a p47 phox immunoprecipitate with a phosphoserine antibody; n ϭ 5 for all experiments. C, control. *Statistical significance.
phosphatases is achieved by its proximity to substrates (3) and PP2A colocalizes with the ␣-subunit of the Na ϩ -K ϩ pump in noncardiac cells by binding to its large cytoplasmic loop as indicated by immunohistochemistry and coimmunoprecipitation experiments (27) . In this study PP2A also coimmunoprecipitated with the ␣ 1 -Na ϩ -K ϩ pump subunit in rabbit cardiac myocyte lysate (Fig. 7A) .
PP2A-mediated dephosphorylation of residues on the Na ϩ -K ϩ pump molecular complex itself cannot account for the effect of YC-1 on the Na ϩ -K ϩ pump in this study while dephosphorylation of p47 phox and inactivation of NADPH oxidase would be consistent with these results. Dephosphorylation of p47 phox mediated by PP2A has been implicated in OA-sensitive inactivation of NADPH oxidase, but it has not been directly examined if p47 phox can be a substrate for PP2A. Myocytes were exposed to ANG II or Fsk for 15 min before they were lysed and PP2A was added to the lysate for 120 min before the lysate was immunoprecipitated with p47 phox antibody. The immunoprecipitate was immunoblotted with phosphoserine antibody. PP2A decreased the signal for phosphorylation of p47 phox for myocytes that had been exposed to ANG II or Fsk (Fig. 7B) .
Effects of ␤ 3 -AR activation on oxidative Na ϩ -K ϩ pump modifications and NADPH oxidase. NO-dependent signaling occurs via several pathways (34) . YC-1 restricts signaling to the classical pathway. To ascertain that key features of results are reproduced when NO-dependent signaling is activated by a membrane receptor, myocytes were preexposed to 1 M of the ␤ 3 -AR agonist CL for 15 min before ANG II was added for an additional 15 min. ␤ 1 -Na ϩ -K ϩ pump subunit glutathionylation was determined using the biotin-GSH technique. As reported previously (2, 5) , CL decreased the level of ␤ 1 -subunit glutathionylation when myocytes were not exposed to ANG II. It also decreased ␤ 1 -subunit glutathionylation when myocytes were exposed to ANG II, eliminating the increase seen with exposure to ANG II alone (Fig. 8A) . Results were similar when ␤ 1 -subunit glutathionylation was determined using the GSH antibody technique (Fig. 8B) . The effects of CL and ANG II on glutathionylation of FXYD1 (2) reflected the effects on ␤ 1 -subunit glutathionylation (Fig. 8C) as might be expected for a membrane protein that associates closely with ␣-and ␤-subunits and hence is exposed to the same signaling domain as the ␤ 1 -pump subunit. CL increased coimmunoprecipitation of Grx1 with the ␤ 1 -subunit (Fig. 8D) as was the case for exposure to YC-1 (Fig. 3D) . CL decreased coimmunoprecipitation of the cytosolic p47
phox NADPH oxidase subunit with the ␣ 1 -Na ϩ -K ϩ pump subunit (Fig. 9A ) and with the membranous p22
phox NADPH oxidase subunit (Fig. 9B) . The effects of activation of a NO synthase-coupled membrane receptor (Figs. Fig. 8 . Activation of nitric oxide (NO)-coupled signaling with ␤3-adrenergic receptor agonist. A: effects of preexposure to CL on ␤1 Na ϩ -K ϩ pump subunit glutathionylation measured with the biotin-GSH technique with and without exposure to ANG II. Expression of ␤1 Na ϩ -K ϩ pump subunits in myocyte total lysates is also shown and used as a loading control. B: preexposure to CL with and without exposure to ANG II and ␤1-subunit glutathionylation measured with the GSH antibody technique. The ␤1-subunit immunoblot with the ␤1-subunit immunoprecipitate (IP: ␤1) is used as a loading control. C: preexposure to CL with and without exposure to ANG II and FXYD1 glutathionylation. Expression of FXYD1 in myocyte total lysates is used as a loading control. D: preexposure to CL with and without exposure to ANG II and coimmunoprecipitation of the ␤1-subunit and Grx1. Refer to B for the loading control; n ϭ 5 for all experiments. *Statistical significance. 8 and 9) parallel those for the downstream activation of the classical NO-dependent signaling pathway (Figs. 3 and 4) .
DISCUSSION
Classical NO-dependent signaling stimulated the membrane Na ϩ -K ϩ pump when myocytes were exposed to neurohormone-induced oxidative stress expected to be encountered in vivo. Activation of PP2A was implicated in the signaling pathway and a change in glutathionylation of the pump's ␤ 1 -subunit reciprocal to the increase in pump activity identified an oxidative modification as the downstream molecular modification that accounted for the pump stimulation. The data support a scheme that includes a PP2A-dependent decrease in phosphorylation of p47 phox causing a decrease in NADPH oxidase activity and oxidative stress in a sarcolemmal signaling domain. This in turn reverses oxidative inhibition of the Na ϩ -K ϩ pump as summarized in Fig. 10C . The schemes for the oxidative inhibition summarized in Fig. 10, A phox and hence NADPH oxidase activation on the downstream effect of ANG II to inhibit I p is indicated by elimination of pump inhibition by superoxide dismutase and by the gp91ds peptide that blocks docking of p47 phox with p22 phox (41) . ANG II causes PKC-dependent phosphorylation of p47 phox that is critical for its translocation to membranous subunits of NA-DPH oxidase (20) , and in agreement with a pivotal role of PKC and NADPH oxidase, an inhibitor of εPKC blocks the ANG II-induced increase in DHE fluorescence as well as the decrease in I p in cardiac myocytes (41) .
In the present study the increase in I p and decrease in DHE fluorescence induced by YC-1 in myocytes exposed to ANG II were abolished by inhibition of PP2A with OA and reproduced by activation of PP2A with C6 ceramide (Figs. 2 and 5) . Proximity of PP2A to p47 phox in a molecular complex that includes the Na ϩ -K ϩ pump and membranous components of NADPH oxidase might facilitate dephosphorylation of p47 phox . Inclusion of PP2A in the lysate of myocytes eliminated an increase in phosphorylation of p47 phox in myocytes that had been exposed to ANG II before lysis. Since protein kinase G can activate PP2A (8, 9, 45) and mediate Na ϩ -K ϩ pump stimulation (44) , these results implicate the classical NOdependent signaling pathway downstream from sGC in the Na ϩ -K ϩ pump stimulation reported here. PP2A-induced dephosphorylation is expected to prevent translocation of p47 phox to membranous subunits of NADPH oxidase or facilitate disassembly of the activated complex as has been reported for stimulated neutrophils (7) . The decrease in oxidative stress then allows reversal of oxidative Na ϩ -K ϩ pump inhibition to occur (Fig. 10C) . Pump inhibition induced by Fsk shares downstream PKC-and NADPH oxidase-dependent signaling (42) with ANG II-dependent signaling (41) suggesting the scheme for Na ϩ -K ϩ pump regulation with exposure to ANG II also applies with exposure to Fsk and, by inference, with activation of cAMP-dependent signaling.
Exposure of cardiac myocytes to ANG II (11) or forskolin (42) decreases ␣ 1 /␤ 1-subunit coimmunoprecipitation while YC-1 in this study and CL in a previous study (5) increased the coimmunoprecipitation. The increase is expected from the deglutathionylation of the ␤ 1 -subunit that YC-1 induces, seen in the light of the three-dimensional structure of the Na ϩ -K lation are also consistent with an associated increased sensitivity of Na ϩ -K ϩ pump molecular complex to trypsin digestion, in particular of the ␤-subunit (33). Since association with ␤-Na ϩ -K ϩ pump subunits is obligatory for ion transport mediated by the ␣-subunits, the disruption of ␣/␤-interaction is expected to block turnover of the proportion of Na ϩ -K ϩ pumps with glutathionylated ␤ 1 -subunits. This was confirmed when two independent techniques were used to monitor the E1Na3 ¡ E2P partial reaction of the pump cycle as conventionally described by the Albers-Post scheme. Sudden reversal of glutathionylation by exposure of Na ϩ -K ϩ -ATPase-enriched membrane fragments to Grx1 or DTT elicited signals indicating the E1Na3 ¡ E2P reaction of glutathionylated pumps had been blocked by the glutathionylation (19) .
On the basis of our previous (17, 41, 42) and present studies, we propose opposing receptor-coupled protein kinase-and protein phosphatase-dependent phosphorylation and dephosphorylation of p47 phox determine activity of NADPH oxidase and downstream glutathionylation of the ␤ 1 -Na ϩ -K ϩ pump subunit and hence pump activity. The mechanism for inhibition does not invoke phosphorylation of the Na ϩ -K ϩ pump molecular complex but it does preserve established roles of protein kinases in pump regulation (17, 41, 42) . With inclusion of the role for PP2A in the mechanism for stimulation, the balance between effects of protein kinases and protein phosphatases for phosphorylation-dependent protein regulation in general is also preserved.
The short-term effects of redox-dependent Na ϩ -K ϩ pump regulation we describe here may be complemented on a time scale of days by suppression of NADPH oxidase expression and activity with activation of sGC as demonstrated in cultured rat cardiac myocytes exposed to ANG II (31) . Raised levels of ROS in cultured cardiac myocytes exposed to endothelin 1 are similarly suppressed by an activator of sGC (23) and a decrease in p47 phox expression, and NADPH oxidase activity induced by endogenously synthesized NO (21) suggests an in vivo relevance of these results. The physiological relevance of the present study is supported by in vivo inhibition of ANG II and phox subunit of NADPH oxidase. B: with translocation of phosphorylated p47 phox NADPH oxidase synthesizes O2 ·Ϫ . O2 ·Ϫ is highly reactive and facilitates formation of biologically active ROS, including ONOO Ϫ that in turn promotes glutathionylation of the ␤1-Na ϩ -K ϩ pump subunit and inhibition of pump function. C: activation of classical NO-dependent signaling, in this study promoted by the sGC stimulator YC-1, induces PP2A-dependent dephosphorylation of p47 phox , reducing the activity of NADPH oxidase and hence the forward rate of glutathionylation of the ␤1-pump subunit. A shift in the balance towards de-glutathionylation effectively causes pump stimulation. In this scheme, opposing effects of signaling that activates or inhibits NADPH oxidase determines downstream glutathionylation of the ␤1-Na ϩ -K ϩ pump subunit and pump activity.
␤ 1 -AR signaling in normal rabbits decreasing NADPH activity and glutathionylation of the ␤ 1 -Na ϩ -K ϩ pump subunit and increasing I p (17) .
The pathway linking classical NO-dependent signaling to reduced NADPH oxidase activity provides one explanation for Na ϩ -K ϩ pump stimulation, but other mechanisms may contribute. For example, upstream activation of NO synthase by the ␤ 3 -AR leads to sGC activation, synthesis of cGMP, and cGMP-induced activation of phosphodiesterase 2 in cardiac myocytes. Phosphodiesterase 2, functionally compartmentalized with adenyl cyclase, facilitates breakdown of cAMP. This is expected to attenuate downstream cAMP-dependent signaling (35) and hence redox-dependent Na ϩ -K ϩ pump inhibition (42) , effectively contributing to pump stimulation. Downstream interaction between NADPH oxidase and NO synthase is also likely to occur. ROS synthesized by NADPH oxidase can uncouple NO synthase to produce O 2 ·Ϫ as well as increase O 2 ·Ϫ synthesis from other cellular sources in feed-forward self-reinforcing loops (29) . If the converse applies, a decrease in NADPH oxidase-derived O 2 ·Ϫ synthesis induced by NOdependent signaling via the classical pathway might become self-reinforcing and facilitate a rapid response.
A slow spontaneous rate of deglutathionylation (16) would not allow fast responses to occur with an attenuation of oxidative stress orchestrated by NADPH oxidase activity. However, the widely expressed Grx1 facilitates deglutathionylation of proteins (16) , including of the ␤ 1 -Na ϩ -K ϩ pump subunit in myocardial homogenate (2, 5) and Na The in vivo relevance of stimulating NO-dependent signaling during increased oxidative stress is supported by models of diabetes and heart failure, conditions that increase receptorcoupled NADPH oxidase-dependent oxidative stress in the heart (32, 37) . Treatment of rabbits with CL reversed a decrease in I p and a reciprocal increase in glutathionylation of the ␤ 1 -Na ϩ -K ϩ pump subunit in the disease models (14, 24) indicating that effects of in vitro activation of the classical NO signaling pathway with YC-1 or CL under conditions of oxidative stress in the present study are mirrored by equivalent effects of in vivo receptor-coupled activation of the pathway. Drugs that activate sGC or the ␤ 3 -AR suitable for therapeutic use have been developed. This study shows they have the potential to interrupt feed forward self-reinforcing loops that maintain and worsen pathologies in which NADPH oxidase activation plays a role (29) , complementing the effects of drugs that prevent NADPH oxidase activation as previously reviewed (32) . 
